This paper presents a preliminary report on our application a newly built plenoptic camera to obtain three-dimensional, three-component particle image velocimetry ( 
I. Introduction
he three-dimensional coherent motions in a turbulent boundary layer are still the source of much investigation and research today. The understanding of the organized structures in a turbulent boundary layer and their dynamics is extremely important as researchers seek to accurately model, predict, and control wall bounded flows. There is still much to be learned about the complex 3-D dynamics of a turbulent boundary layer, in particular, a boundary layer on the verge of separation. Generally, boundary layer separation is avoided due to drawbacks such as large total pressure losses, decreased heat transfer, loss of control, and loss of lift. The prediction of separation, however, can be extremely difficult. Experimental investigation of the structures in a turbulent boundary layer under an adverse pressure gradient is beneficial for both theoretical purposes and practical applications.
This work presents a preliminary investigation of an APG turbulent boundary layer using 2-D PIV and a sample of 3-D, 3-C PIV using a newly-built plenoptic camera which can acquire a 3-D volume of particles with a single image.
Researchers have pieced together a generally accepted picture of a turbulent boundary layer. The near wall region consists of streamwise vortices which produce relatively long streaks of high momentum and low momentum fluid. Hairpin-type vortices dominate the organized motion in the log layer. While these hairpin vortices are general depicted as a symmetric structure inclined at 45 degrees, they are frequently one-legged and can occur at a variety of orientations. 1 These vortices can travel in packets, connecting their dynamics with the large scale motions observed in flow visualization experiments. The structures in a turbulent boundary layer are described in greater detail in important works such as Robinson, 2 Smits & Delo, 3 Panton, 4 and Adrian. 5 However, much of the underlying 3-D dynamics of the turbulent boundary layer and its structures are not understood and are the source of much research today.
Investigating large scale motions (e.g. turbulent bulges, pockets, coherent structures) could provide insight into the behavior of turbulent boundary layers. Most past research has utilized 1-D and 2-D methods in an attempt to construct a three-dimensional picture of the flow. While there have been some successes, namely using proper orthogonal decomposition and linear stochastic estimation, in addition to recent 3-D techniques such as tomo-PIV, it is quite difficult to get an accurate depiction of these very three-dimensional flows.
In recognition of the inherent 3-D nature of turbulent flows, our previous research has utilized a 3-D flow visualization technique based on the scanning of a high repetition rate laser sheet to capture a 3-D volume of smoke seeded in a zero pressure gradient turbulent boundary layer as shown in Figure 1 . Flow visualization experiments such as the seeding of smoke into the boundary layer have played a historic role in depicting the details of the underlying structure in a turbulent boundary layer. In fact, much of our current understanding of the turbulent boundary layer have flow visualization experiments at its roots which often lead to more detailed investigation. However, we do recognize the limitations of flow visualization experiments. Traditional flow visualization techniques are limited due to uncertainties, specifically in the seeding process, however, it is argued that since the smoke is transported by turbulence, the smoke will mark the edge between the vortical boundary layer and the non-turbulent free stream flow. 8 Previous works have supported this assumption. 9 The lack of a clear relationship between the flow visualization and flow structures has led to simultaneous experiments of flow visualization and hot wire, 10 or Laser Doppler anemometry. 11 In past experiments, we have performed simultaneous 3-D flow visualization measurements with 2-D PIV. 7 We understand the importance and benefit of more quantitative measurements; therefore we are in the initial stages of utilizing a new plenoptic camera to capture a 3-D particle volume for use in 3-D particle image velocimetry.
A newly-built plenoptic camera can capture the spatial and angular distribution of the light entering the camera. This angular information can be used to determine the location of the depth of a particle being imaged. A 3-D volumetric particle field is then reconstructed using computer algorithms. These particle fields can then be used in PIV processing for three-dimensional, three-component velocity field reconstructions. We have previously detailed the algorithms used for reconstruction 12 and their ability to reconstruct a synthetically generated volume of particles. 13 The motivation for this current work is to assess the ability of the plenoptic camera to experimentally capture a seeded flow field and through particle reconstruction, perform 3-D, 3-C PIV on the turbulent boundary layers.
In comparison to other recent developments in 3-D imaging (e.g. tomographic PIV, holographic PIV), our technique can be applied to larger flow volumes. In addition, the implementation of this one-camera system is much simpler to set up and calibrate compared to other, multi-camera 3-D techniques. Preliminary results illustrate the power of this technique to visualize 3-D flow structures in a unique fashion.
One of the most important areas of boundary layer research is that of a turbulent boundary layer on the verge of separation. Numerous real world applications can suffer from the effects of a separating boundary layer including helicopter blades, turbines, ships, and aircraft. However, turbulent boundary layers with an APG have been considered to be some of the most difficult flows to predict using turbulent models.
14 Therefore, experimental investigations are important in determining the effects of an adverse pressure gradient on the structure of a turbulent boundary layer. In particular, the area of flow control could stand to benefit from a greater understanding of the APG turbulent boundary layer.
In light of the importance of research into adverse pressure gradient turbulent boundary layers, a Stratford ramp was constructed for this experiment to produce an adverse pressure gradient in the wind tunnel. The flow on the top wall of the tunnel with (APG) and without (ZPG) the Stratford ramp is investigated in this paper. Two-dimensional PIV is used to characterize the ZPG and APG turbulent boundary layers, and the method of proper orthogonal decomposition (POD) is used to extract the most common features of each case for comparison. We also demonstrate the ability of a plenoptic camera to experimentally capture the 3-D velocity field of a ZPG and APG boundary layer for future investigation.
II. Experimental Arrangement
The Auburn University Advanced Laser Diagnostics Laboratory is in the initial stages of implementing the new plenoptic camera for 3-D imaging of a turbulent boundary layer. Our past research implemented a scanning technique to investigate 3-D structures in a zero pressure gradient (ZPG) turbulent boundary layer. This new technique uses a plenoptic camera to capture 3-D structures in both a zero pressure gradient and adverse pressure gradient turbulent boundary layer.
A. Facility and Particle Seeding
All experiments were conducted in the Auburn University Advanced Laser Diagnostics Laboratory's open circuit 2' x 2' wind tunnel with an 8' long test section. The maximum velocity is 165 ft/s Preliminary experiments focused on capturing the boundary layer formed on the top wall of the wind tunnel. The flow on the wall is tripped to a turbulent flow by a 1" wide strip of 60 grit sand paper. Twelve inches downstream of the sandpaper, alumina particles are introduced through a slit in a port at the top of the wind tunnel. A fan inside the reservoir circulates the alumina powder which is swept into the flow by a cylindrical port with a four inch long slit that is 1/8 inch thick. The particles flow along the top of the tunnel 52 inches downstream to the measurement location seeding the boundary layer as shown in Figure 2 .
B. Stratford Ramp
In order to obtain an adverse pressure gradient, a Stratford Ramp was constructed and installed in the 2' by 2' wind tunnel at Auburn University. A Stratford Ramp was initially proposed by B.S. Stratford in the 1950's as a ramp, or diffuser, that allowed for the maximum pressure recovery in the shortest distance, or a flow continually on the verge of separation. 15 Others have studied and constructed Stratford ramps for adverse pressure gradient flows as described in Elsberry et al. 16 Stratford developed a criterion to predict the separation of a turbulent boundary layer undergoing an adverse pressure gradient. Stratford solved for a pressure distribution that resulted in zero shear stress at the wall. This would effectively produce a flow near separation throughout its region of pressure rise. Stratford developed the following equations for a Reynolds number based on downstream distance on the order of 10 6 : where C p is the canonical pressure coefficient:
Thus, C p =0 in the region of maximum velocity and C p would be equal to 1 where the flow is slowed to zero velocity.
The variable x o is the effective boundary layer length:
The effective boundary layer length accounts for the growth of a turbulent boundary layer prior to flow expansion, or the region of pressure rise. A ramp leading up to the recovery section was also designed using a 3 rd order polynomial. The ramp up took the initial test section, decreasing its area to a throat where the Stratford Recovery section would begin. The shape of the ramp up section was used to calculate the effective boundary layer length. Stratford determined that the constants a and b in Equation 1 were .39x o 1/2 and -.78x o respectively. Using these equations Stratford's method accurately predicts turbulent boundary layer separation within 10% of actual separation giving "a reasonable margin of stability" according to Stratford's data.
This pressure distribution is discontinuous at values less than x o , which is accounted for by disregarding any values prior to x o . In order to calculate a ramp geometry, continuity was used in conjunction with the calculated pressure distribution. Because of the discontinuity at x o , a smooth transition into the geometry had to be established. This was achieved by joining a circle with an 8" radius to the initial points of the recovery geometry. Using this process the full recovery geometry was obtained and is shown in Figure 3 .
The final design consisted of 4' converging section that with a maximum height of 10", and a roughly 5' long Stratford Ramp. The Stratford Ramp was constructed to fit inside the 2' by 2' open circuit wind tunnel out of expanded polystyrene foam. The converging and recovery sections were cut in two separate pieces using a large CNC foam cutter and joined together using a 5" flat section of plywood. All three of these sections were fiber glassed and sanded to ensure the ramp's durability and a smooth surface for optimal flow conditions. 
Flow C. Plenoptic Camera
Utilizing the knowledge database from the field of light field photography, a camera capable of capturing a full 3-D particle field was constructed at Auburn University in the Advanced Laser Diagnostics Laboratory. A full description of the technique can be found in previous papers, 12, 13, 17 with a brief description given here. This camera, termed the plenoptic camera, follows the description of Adelson and Wang 18 who were the first to propose the concept of a plenoptic camera. A conventional camera only captures the spatial information contained in the light field (complete distribution of light rays in space) whereas a plenoptic camera is able to capture both the spatial and angular information associated with the light field. The plenoptic camera uses a dense array of microlenses mounted near a CCD sensor to encode this information onto a single sensor. The microlenses in a plenoptic camera act as macro-pixels capturing the spatial information and are what the main lens is focused onto. The pixels, located at the focal length of the microlens behind the microlens array, record the angular information of the light field. Thus a single pixel has four pieces of information, the microlens it is behind (x,y) and the relative position it has to the center of the microlens (θ,ϕ). Another way to visualize this relationship is to think of each microlens with the subsequent set of pixels behind it as an individual camera imaging the main lens.
The capturing of the entire light field enables a plenoptic camera to record the depth of a particle; this can be seen in Figure 6 where instead of microlenses an array of pinholes is used. For comparison a convectional camera is depicted in Figure 5 .
With the conventional camera both the particle closer and further away from the camera have the same distribution on the sensor, because the conventional camera integrates the angular information contained in the light field at the sensor, thus removing all ability for resolving the depth of a particle. In contrast the intensity distribution for the plenoptic camera is very different for all three particles, confirming its ability to resolve both the spatial location of the particle as well as depth. For a full 3-D volume reconstruction, tomographic algorithms are applied to the data obtained by the plenoptic camera, which is then processed by PIV software.
III. Results
Trials were run in the 2' by 2' wind tunnel in the Auburn University Laser Diagnostics Laboratory. The viewing location for all trials was the top tunnel wall with and without the Stratford ramp. First, 2-D PIV image pairs were captured and processed. Then, the plenoptic camera was used to acquire sequences for 3-D PIV processing.
A. Boundary Layer Parameters
The newly built Stratford ramp was installed into the tunnel, and static pressure measurements were taken on the top wall above the recovery section of the ramp. The canonical C p values were calculated from the pressure measurements and are plotted in Figure 7 , showing the increasing pressure gradient over the recovery region of the 18 ramp. The location of the field of field of view for the 2-D PIV and 3-D plenoptic camera PIV for the APG case is between the last two pressure measurements at x/x max = 0.6 with a C p value between 0.27 and 0.28.
The average boundary layer profile for both turbulent boundary layers were calculated and plotted in Figure 8 from 2-D PIV. The zero pressure gradient turbulent boundary layer closely resembles the traditional turbulent boundary layer, while the adverse pressure gradient trial shows a less full profile. The ZPG turbulent boundary layer has more fluid and momentum closer to the wall as compared to the APG boundary layer. From the boundary layer profiles, the boundary layer thickness, δ, displacement thickness, δ * , momentum thickness, θ, shape factor, H, and Reynolds number based on momentum thickness, Re θ , are calculated and displayed in Table 1 .
As expected from the shape of the boundary layer profiles, the displacement thickness and momentum thickness for the APG case are larger than for the ZPG turbulent boundary layer. The shape factor is also larger, indicating it is closer to separation as compared to the ZPG case. The friction velocity, v*, and wall shear stress, τ w , are found using the technique described by Kendall and Koochesfahani 19 of fitting the data points to the Spalding profile in the log region of the boundary layer. 20 Using the wall shear stress, the equilibrium pressure gradient parameter, β, can be found. As described by Clauser,
For this APG trial, β was calculated to be 10.1, generally considered to be between a mild and strong pressure gradient. 22 The shape factor of 1.73 is also larger than that of a turbulent boundary layer, but less than values of 2.2 to 2.5 at which separation would be expected.
23

B. 2-D Proper Orthogonal Decomposition
For the proper orthogonal decomposition of a zero pressure gradient and adverse pressure gradient turbulent boundary layer, 990 image pairs were acquired for 2-D PIV for each case and processed using Fluere, an open source multi-pass PIV software algorithm with window deformation. Using the 990 image pairs, the first 4 POD modes are depicted in Figure 9 . The modes look similar, with mode 3 for the ZPG trial corresponding to mode 4 of the APG trial and vice versa. This permutation of modes 3 and 4 is due to a slight difference in the modal energy of these modes in the two trials. Some differences in the modes for the two cases are apparent. For the first mode, corresponding to the largest and most common structure in the flow, the APG turbulent boundary layer shows a structure that is further away from the wall than the ZPG case. As the boundary layer is closer to separation, the structures move further away from the wall, which is also evident in the shape of the boundary layer for the APG trial in Figure 8 . This may be consistent with Lee's observation of structures appearing less frequently in the in the near wall region and more frequently in the outer region when under the influence of an adverse pressure gradient. 23 Another difference in the two cases is the orientation of the structures depicted in the POD modes. In general, the adverse pressure gradient structures are inclined at a larger angle from horizontal than the zero pressure gradient structures. Dashed lines corresponding to 14 degrees are overlaid on the ZPG modes. Dashed lines corresponding to 19 degrees are overlaid on the APG modes. In general, all the structures in the ZPG turbulent boundary layer are inclined at approximately 14 degrees, whereas the APG turbulent boundary layer structures seem to follow an orientation of approximately 19 degrees from horizontal. The modal energy, or the percent of turbulent kinetic energy captured in each mode, is plotting in Figure 10 . The ZPG turbulent boundary layer captures more energy in the first two modes than the APG turbulent boundary layer. The modal energy decreases from 28% to 23% for mode 1, and 11% to 8.5% for mode 2. However, for modes 3, 4, 5, 7, 8, 9 and 10, the APG POD modes contain slightly more percent energy as compared to the ZPG case. This suggests that in an APG turbulent boundary layer, larger structures (the first few modes) become slightly less prominent and give way to smaller structures.
The 2-D PIV and POD modes can give a glimpse into the average boundary layer and structures, however, the structures in a turbulent boundary layer are three dimensional in nature and 3-D measurements are needed to gain insight into the true characteristics of these large scale structures.
C. 3-D Plenoptic Images
Plenoptic images were captured for both the adverse pressure gradient trial and zero pressure gradient case. Figure 11 shows an image pair from a ZPG trial, with a portion of the image zoomed in to show the details of the effect of the micro-lens array on the photo. One can see the vast difference in the particles compared to a conventional camera. Particles that are in focus (such as a particle to the left of A in the zoomed in portion) are small and concentrated behind one lenslet. Particles that are out of focus (such as a particle to the left of B in the zoomed in portion) span across multiple lenslets creating groupings of dots as shown in the Figure 11 . From the image it is not readily apparent if the particle is in front or behind the plane of focus, however, the tomographic 3-D reconstructive algorithm is capable of determining its depth. These raw images are then processed to reconstruct a 3-D volume of particles.
D. 3-D Particle Image Velocimetry
The two paired images from the plenoptic camera are then converted to 3-D volumes of particles using tomographic algorithms. 24 Using PIV, a 3-D, 3-C instantaneous velocity field of a ZPG turbulent boundary layer is constructed as shown in Figure 12 . These velocity fields are some of the first experimental data produced by our new plenoptic camera and processing algorithms. Due to the preliminary acquisition of this velocity field and time constraints for processing multiple sequences, only one 3-D velocity field is shown here for the case of a zero pressure gradient. The volume imaged is a volume from .15δ to 1.3δ in the wall-normal direction, 1δ in the spanwise direction, and 1.7δ in the streamwise direction.
General observations can be noted such as the overall motion of the boundary layer from left to right with an increasing velocity away from the wall as would be expected. One can see a low speed bulge coming out of the top of the volume surrounded by higher speed fluid. One can detect the shape and, more importantly, the depth of this large scale motion in the spanwise direction which would be missing from the 2-D PIV data. Contours at three different velocities are also shown in Figure 12 . Again, one can extract the vorticity field at different depths which is one of the benefits of fully threedimensional data.
Please note that these velocity and vorticity fields are preliminary in nature as they are the first experimental data acquired from this new plenoptic camera technique. One sequence of the APG turbulent boundary layer was also captured for 3-D velocity and vorticity measurements. Again, a 3-D vorticity field can also be calculated for this instantaneous velocity field. A 3-D contour plot of constant vorticity magnitudes is shown in Figure 18 .
Again, one can extract the vorticity field at different depths which is one of the benefits of fully threedimensional data. The previous 3-D velocity and vorticity results are recently acquired and very preliminary in nature. Much more investigation and research into these measurements, as well as processing more sequences are needed for further analysis.
IV. Summary
Due to the practical and theoretical importance of more research into an adverse pressure gradient turbulent boundary layer, a Stratford ramp was designed and built for use in wind tunnel testing. Pressure measurements were calculated, showing the pressure gradient on the tunnel wall above the recovery region. A case of a ZPG turbulent boundary layer was compared to that of an adverse pressure gradient (H=1.7, β=10.1) turbulent boundary layer. 2-D POD modes showed some slight difference in structures due to the adverse pressure gradient. The modes suggested that structures are more frequently away from the wall as compared to the ZPG case. Also the orientation of structures in an APG was more inclined than for those in a ZPG turbulent boundary layer. In the APG turbulent boundary layer, less energy was captured in the first 2 modes, but more energy in lower modes, suggesting that as a flow gets closer to separation, larger structures (the first few modes) become slightly less prominent and give way to smaller structures.
More analysis and investigation of the 2-D PIV, could prove helpful, however, one main objective of this trial was to capture a 3-D velocity field with a new plenoptic camera. A plenoptic image pair was captured for both a ZPG and APG turbulent boundary layer. The 3-D velocity and 3-D vorticity fields are shown for both cases. These measurements are the first performed on experimental data with the plenoptic camera. These were acquired very recently and have not been thoroughly analyzed or discussed, but are shown for example purposes of the capabilities of the plenoptic camera. More plenoptic images are currently being processed for 3-D PIV and investigation. The reconstruction algorithms will be streamlined for faster processing of future plenoptic trials. In the future, a larger set of data is needed to compare and contrast 3-D volumes of ZPG and APG turbulent boundary layers to give more insight into these structures and give possible clues as to the complex 3-D physics behind them.
